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ABSTRACT

The gas-phase conversion of 1,3-diols was studied on catalysts containing different active sites and using
1,3-butanediol as a model molecule. Transformation of the diol primary and/or secondary OH groups by
dehydration and dehydrogenation reactions yields valuable oxygenates combining OH and C=C, OH and
C=0 or C=C and C=0 functions, along with other compounds. A series of single oxides with different
acid-base properties, copper-silica and copper-single oxide catalysts were prepared by several methods
and characterized by TPR, XRD and N,O chemisorption.

Acid-base oxides transform 1,3-butanediol at low rates. Oxide electronegativity determines the main
reaction pathway: acidic oxides promote 1,3-butanediol dehydration toward unsaturated alcohols and
olefins, whereas basic oxides dehydrogenate-dehydrate the diol toward the unsaturated ketone.

The effect of Cu® in monofunctional copper-silica, or bifunctional copper-acid or copper-base catalysts,
is to increase the reaction rate and to shift the reaction pathway toward 1,3-butanediol dehydro-
genation. The metal dispersion depends on the preparation method by impregnation, ion exchange or
co-precipitation. Small Cu® particles strongly adsorb reactant and products allowing consecutive reac-
tions to take place after initial dehydrogenation. In bifunctional catalysts, the role of the acid or base sites

is to promote consecutive dehydration-hydrogenation or C—C bond cleavage reactions, respectively.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Biomass-derived polyols such as glycerol, ethane-, propane-
and butanediols present potential applications as natural organic
building blocks. These C,—C4 molecules contain primary and/or
secondary hydroxyl groups, and transformation of one in partic-
ular, or all the molecule OH groups can lead to other compounds
used in organic synthesis.

Reactions like dehydration, dehydrogenation, or tandem
dehydrogenation-dehydration-hydrogenation can convert polyols
into valuable oxygenates such as unsaturated alcohols [1,2], furans
[3], hydroxycarbonyl (aldol) compounds [4-7] and unsaturated
carbonyl compounds [2,8],as well as into olefins [2] and other prod-
ucts. The product distribution will depend, among other factors, on
the catalyst acid-base properties and on the presence or not of a
metallic function in the catalyst formulation.

In particular, 1,3-butanediol (1,3-BDO), a C4 diol containing
one primary and one secondary hydroxyl group, can undergo
dehydrogenation and dehydration reactions giving a variety of
valuable compounds, grouped under different codes in Scheme 1.
Aldol products (group HY, hydroxyketones and hydroxyaldehydes)
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combine OH and C=O0 functions as frequently required in phar-
maceutical and food formulations, and in organic synthesis
intermediates [9,10]; unsaturated alcohols (group UOL) are used
in polymer industry, whereas saturated and unsaturated ketones
(group K) are important intermediates for the synthesis of solvents,
pesticides, terpenoids, as well as steroids, anticancer and other
medical drugs [11].

In this work we present the results of the gas-phase conversion
of 1,3-BDO on single oxides with different electronegativity. We
report the effect of the oxide acid or base properties on the catalytic
performance and on the reaction pathways.

Conversion of alcohols is known to proceed at higher rates on
catalysts that contain a metallic function in addition to the acid or
base site provided by the single oxide [12]. Thus, in order to inves-
tigate the role of a metallic site in the reaction, copper-containing
catalysts were prepared by different methods and characterized by
several techniques. Copper was chosen due to the known prop-
erties of this metal to preferentially activate the O—H bond of
alcohols, giving aldehydes and ketones by dehydrogenation at mild
temperatures without significant C—C bond cleavage. The effect of
combining surface species (metallic and acid or base sites) was
studied on a series of bifunctional copper-containing oxides pre-
pared by incipient wetness impregnation and co-precipitation so
that to vary the intimate contact between the metallic function and
the acid or base site. Thus, the participation of Cu® sites in enhancing
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Scheme 1. Main reaction pathways for gas-phase 1,3-butanediol conversion.

the dehydrogenation performance was investigated in the presence
of surface sites that promote other reactions. In addition, mono-
functional silica-supported copper catalysts were prepared by ion
exchange and incipient wetness impregnation. Catalytic tests with
these samples were carried out to elucidate the influence of the
copper particle size on the activity and selectivity.

2. Experimental
2.1. Catalyst synthesis and activation

Single oxides (M, 0x) (MgO, Y,03, CeO3, Al;03, TiO3, ZrO;, ZnO
and Nb,Os) with different acid-base properties were prepared.
High-surface area magnesium oxide was prepared by hydration
with distilled water of low-surface area commercial MgO (Carlo
Erba 99%; 27 m2/g) and further decomposition of the resulting
Mg(OH), in a N, flow for 18 h at 773 K [13]. Y203 and CeO, precur-
sors were prepared by precipitation method at a constant pH of 10.
The precipitates were aged at 333K, filtered, washed and dried at
348 K overnight [14]. The ZrO,, precursor, i.e., Zr(OH)4 was obtained
by precipitation of zirconium oxychloride withammonium hydrox-
ide. All these precursors were decomposed in N, or airat 723-773 K
overnight in order to obtain the corresponding oxides. ZnO was
obtained by decomposition of commercial (ZnCO3),(Zn(OH),)3
(Anedra) in air at 623 K. Nb,O5 was prepared by decomposition
at 773 K of commercial hydrated niobium pentoxide HY340 from
Companhia Brasileira de Metalurgia e Mineracao (CBMM). Alumina
and titania were commercial samples of y-Al,03 Cyanamid Ketjen
CK 300 and TiO, P25 Degussa Hiils AG, respectively.

Cu-based catalysts containing 6-10wt.% Cu were prepared
by different methods. A silica-supported Cu catalyst (CuSi)
was prepared by ion exchange (IE) through the so-called
“chemisorption-hydrolysis” technique [15]. The solid was filtered,
washed and dried overnight at 363 K. Finally, the solid calcined in
air at 623 K during 5 h was denoted as CuSi-IE. Another CuSi sample
was prepared by incipient wetness impregnation (I) [12]. After dry-
ing and calcinationinair at 773 K, the sample was denoted as CuSi-I.
Using similar procedures, CuAl-I and CuMg-I were prepared by

impregnation of Al,03 and MgO, respectively. In addition, catalyst
precursors of Cu-containing CuM mixed oxides, where M =Mg?%* or
AlI3*, were prepared by co-precipitation at a constant pH of 10 [12].
After filtering, washing and drying at 363 K, the precipitates were
decomposed overnight in air at 723-773 K in order to obtain the
corresponding mixed oxides. These catalysts were designated as
CuMg-C and CuAl-C.

2.2. Catalyst characterization

BET surface areas (SA) were measured by N, physisorption at
its boiling point using an Autosorb Quantachrome 1-C sorptome-
ter. The sample structural properties were determined by X-ray
Diffraction (XRD) technique using a Shimadzu XD-D1 instrument.
The chemical content of Cu in all Cu-based catalysts was analyzed
by Atomic Absorption Spectrometry (AAS).

Catalyst base site numbers (n;,) were measured by temperature-
programmed desorption (TPD) of CO, preadsorbed at room
temperature [14]. Samples were exposed to a flowing mixture of
3% of CO, in Ny until surface saturation. Weakly adsorbed CO,
was removed by flushing with N,. Finally, the temperature was
increased to 773 Kat aramp rate of 10 K/min. The desorbed CO, was
converted into CH4 on a Ni/Kieselghur catalyst at 673 K and then
analyzed using a flame ionization detector (FID). Acid site num-
bers (n,) were determined by TPD of NH3. Samples were exposed
to a 1.01% NH3/He stream at room temperature until surface sat-
uration. Weakly adsorbed NH3; was removed by flushing with He.
Temperature was then increased to 773 K at 10 K/min, and the NH3
concentration in the effluent was measured by mass spectrometry
(MS).

The dispersion of the metallic copper particles (D), defined as
the ratio of the number of surface metallic copper atoms (Cu®)
to the total copper atoms (CuT) in the catalyst formulation, was
determined by two consecutive experiments of temperature pro-
grammed reduction (TPR), using a reducing mixture of 5% H, /Ar at
a flow rate of 50 cm3/min. Heating rates of 10 K/min from 298 to
typically 653 K were used. A mass spectrometer (MS) in a Baltzers
Omnistar unit monitored the hydrogen consumption. Thus, from
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Table 1

Physicochemical properties of M, O, CuSi, CuMg and CuAl catalysts and TOR values for copper-based catalysts.
Catalyst Xoxide® (Pauling unit) Surface area, SA (m?/g) Cu loading (wt.%) Structural analysis by XRD Cu species reducibility TORE (s71)

and dispersion
Phases detected Dt (%) Tl (K)

MgO 2.12 192 - Periclase - - -
Y203 2.27 54 - Bixbyite - - -
CeO, 2.37 75 - Cerianite - - -
ZnO 2.38 33 - Wurtzite - - -
ZrO, 2.51 83 - Tetragonal + monoclinic - - -
Al, O3 2.54 230 - y-Alumina - - -
TiO, 2.63 54 - Anatase +rutile - - -
Nb,0s 2.73 84 - Pseudo hexagonal - - -
CuSi-IP - 233 7.8 SiO; +CuO tenorite 43 527 1.18
CuSi-IE¢ - 225 8.5 SiO, 27.5 532 1.15
CuMg-IP - 31 7.1 MgO 10.9 497 0.80
CuMg-Cd - 198 9.8 MgO 2.0 518 0.65
CuAl-IP - 172 6.9 y-Alumina 163 488 071
CuAl-Cd - 211 6.4 y-Alumina 139 518 0-65

2 Electronegativity.

b Prepared by impregnation.

¢ Prepared by ion exchange.

d Prepared by co-precipitation.

¢ Cu® dispersion by N,O decomposition.
f Temperature at peak maximum by TPR.
& Mol 1,3-BDO/s mol surface Cu.

the first TPR experiment, the Cu” value was obtained. The second
TPR experiment was carried out after re-oxidation of the surface
copper metal atoms to Cu,O using N,O and a stoichiometry of
Cu®/N,0=216].

2.3. Catalytic testing

Vapor-phase conversion of 1,3-butanediol (1,3-BDO) was car-
ried out at 523K and 101.3kPa in a fixed-bed reactor at contact
times (W/FgDO) of 0.2-33.0gcath/mol of 1,3-butanediol. Before
the catalytic tests, catalysts were pretreated in a flow of N, at
623-773 K for 1 h. Then, the Cu-containing catalysts were reduced
in situ in flowing H; (35 cm3/min) at 573 K for 1 h. 1,3-BDO (Aldrich
GC, 99.0%) was introduced via a syringe pump and vaporized into
flowing N (150 cm3/min) to give a 1,3-BDO partial pressure of
2.3 kPa. Reaction products were analyzed by on-line gas chro-
matography using an Agilent 7890A chromatograph equipped with
flame ionization detector and a 0.2% Carbowax 1500/80-100 Car-
bopack C packed column. Data were collected every 0.5 h for 5h.
Main reaction products were identified as 4-hydroxy-2-butanone
(HYK), 2-butanone (C4SK), 3-buten-2-one (C4UK), acetaldehyde
(C,AL), methanol (C;0L), ethanol (C,0L), acetone (C3K), 3-buten-
2-ol (2-C4UOL), 2-buten-1-ol (1-C4UOL), 2-butanol (2-C4SOL),
1-butanol (1-C4SOL) and butadiene (BD). Due to a slight catalyst
deactivation process, the catalytic results reported here were cal-
culated by extrapolation of the reactant and product concentration
curves to zero time on stream. Then, X, Y and S represent conver-
sion, yield and selectivity at t = 0, respectively. Turnover (TOR) rates
are defined as the moles of reactant converted per mol of copper
surface site and per second.

3. Results and discussion

3.1. Effect of the catalyst acid-base properties on 1,3-BDO
conversion reactions

Single oxides coded as M, 0y were prepared and thoroughly
characterized by several techniques. The textural and struc-
tural properties of these materials are given in Table 1. The
M, Ox materials are Lewis acids and the oxide electronegativities
(Xoxide) Were calculated as the geometric mean of the atomic

electronegativities using the Pauling’s electronegativity scale. For
an oxide with the formula My Oy, the bulk oxide electronegativity is
[17]: Xoxide = [(Gxm P (o )¥11U*®), The surface acid (n,) and base (n;,)
site numbers of the M, Oy catalysts were measured by integration
of the NH3 and CO, TPD curves (not shown), respectively [14].
Results plotted in Fig. 1 as a function of x,yiqe Show that the ny,
values (closed circles) decreased as the electronegativity increased,
from 655 pwmol/g on MgO to 7 pwmol/g on Nb,Os. As expected for
the Lewis acidity of the M, O, samples, the n, values (open circles)
roughly increased with increasing the oxide electronegativity.
The catalytic performance of the M, Oy catalysts of Table 1 was
investigated at 523 K and 101.3 kPa under kinetic conditions, i.e.,
at 1,3-BDO conversions (Xgpo) of ~10%. The 1,3-BDO conversion
rate (rgpo, mmol/h g cat) values were plotted in Fig. 1 as a func-
tion of x,xide (Open squares). The activity decreased with increasing
the oxide electronegativity, suggesting that basic oxides are more
active to convert 1,3-BDO. Thus, MgO was the most active My Oy cat-
alyst of Table 1 with the exception of Al,03, on which activity was
fourfold higher compared to Mg0O. We found an analogous lack of
correlation for alumina in the conversion of different monoalcohols
on Lewis acid catalysts [12,18]. An explanation for this behavior
might be the fact that the alumina used was a commercial sample
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Fig. 1. 1,3-BDO conversion rate (rgpo) and total acid (n,) and base (n;,) site num-

bers as a function of the electronegativity of M, Oy single oxides [T=523K; Pgpo =
2.33 kPa].
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Fig. 2. Selectivity toward dehydrogenation and dehydration products on M, Oy
catalysts as a function of the electronegativity of M,Oy single oxides [T=523K;
pBDO =2.33 l<Pa].

and may contain impurities. The superior performance of Al,03
compared to other solid acids was also reported by Sato et al. [19]
for the conversion of 1,3-BDO at much higher temperatures.

Since conversion of 1,3-BDO on acid-base catalysts gave a large
number of products, we classified them in two major groups
arising from initial dehydration and dehydrogenation reactions,
Scheme 1. However, consecutive dehydration, hydrogenation and
C—Cbond cleavage reactions also took place. The reactant 1,3-BDO
can undergo dehydration reactions leading to unsaturated alcohols
(UOL) such as 3-buten-2-o0l (2-C4UOL) and 2-buten-1-0l (1-C4UOL),
which can be converted consecutively via hydrogenation or dehy-
dration reactions, into saturated alcohols (SOL) or olefins (BD),
respectively. Thus, the dehydration activity (r_y,0) includes UOL,
SOL and BD formation. Similarly, 1,3-BDO can be transformed, via
initial dehydrogenation, in hydroxycarbonyl compounds (HY) such
as 4-hydroxy-2-butanone (HYK) and 3-hydroxybutanal (HYAL).
Both HY compounds can undergo dehydration-hydrogenation to
C4 unsaturated and saturated ketones (group K) or decomposition
by retro-aldol-like (RA) reactions giving C;—Cs alcohols, aldehydes
and ketones. Therefore, dehydrogenation activity (r_y, ) comprises
formation of HY, RA and K compounds.

The effect of the M, Oy surface acid and base properties on the
dehydrating and dehydrogenating performance was investigated
in Fig. 2, where the selectivities are plotted as a function of the
oxide electronegativity. The dehydration selectivity, calculated as
_H,0/rBpo, increased with increasing the oxide electronegativity

1.0

A
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v
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Dehydrogenation product distribution, r; / r.,

whereas the dehydrogenation selectivity (r_y,/rgpo) decreased.
These results indicate that the main reaction pathway that takes
place on basic oxides is 1,3-BDO dehydrogenation while acidic
oxides predominantly dehydrate 1,3-BDO.

Although the activity of CeO, followed the general trend as a
function of the electronegativity (Fig. 1), no correlation was found
for the CeO, selectivity in Fig. 2. In spite of having a high number of
basic sites, CeO, presents an enhanced dehydrating performance
giving UOL in high selectivity. Sato et al. [19] obtained similar
results when studied the dehydration of 1,3-diols on CeO, at higher
temperatures (598 K) and attributed this behavior not to the weak
acid-base properties but to the redox properties of this oxide. They
postulated a radical dehydration mechanism with participation of
Ce3*-Ce** species in the catalytic cycle.

The distribution of dehydrogenation (r;/r_p,; i=K, HY and RA)
and dehydration (r;/r_p,0; i=UOL, SOL and BD) products was stud-
ied in more detail in Fig. 3A and B, respectively. One of the most
relevant features of Fig. 3A is that regardless of the acid-base prop-
erties, none of the oxides of Table 1 produced measurable amounts
of the HY compounds. Although hydroxycarbonyl compounds (HYK
and HYAL) are the primary products of the dehydrogenation path-
way, Scheme 1, they were rapidly converted into K or RA products
by dehydration or C—C bond cleavage reactions, respectively. The
contribution of group K (saturated and unsaturated ketones) pre-
vailed over that of RA and it was enhanced on more acidic oxides
because K compounds are produced by dehydration of HY. The
unsaturated ketone (3-buten-2-one, C4UK) was the main con-
stituent (85-95%) of group K because consecutive reduction of the
C=C double bond of C4UK toward 2-butanone (C4SK) can proceed
only if surface hydrogen fragments, resulting from 1,3-BDO dehy-
drogenation, are in the vicinity of the adsorbed C4UK species.
The contribution of short chain compounds (group RA), formed
by retro-aldol-like reactions, was higher on basic oxides such as
MgO and decreased with increasing yxyxide. This result is somehow
expected considering that gas-phase aldol condensation reactions
are known to proceed at high rates on MgO and to a lesser extent
on more acidic oxides [20].

On the other hand, Fig. 3B shows that, independently of the
oxide electronegativity, UOL compounds were the main dehydra-
tion products on My Oy catalysts. The secondary alcohol (2-C4UOL)
predominated on CeO, but both UOL compounds depicted in
Scheme 1 were obtained in similar concentrations on the rest
of the M, Oy oxides. The fact that 1,3-BDO elimination reactions
proceed with high selectivities even on basic oxides is not surpris-
ing since in a previous work [21] we discussed that on strong solid
bases, monoalcohols can undergo gas-phase water elimination by
a E1.g mechanism with formation of a C=C bond. A maximum was
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Fig. 3. Product distribution on M, Oy catalysts as a function of the electronegativity of M, O, single oxides. (A) Dehydrogenation (i=K, RA and HY); (B) dehydration (i=UOL,

SOL and BD) [T=523K; Pgpo = 2.33 kPa].
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observed in the UOL curve at about 2.4 due to the dehydrating
properties of CeO,, as explained above. On more electronegative
oxides, consecutive dehydration of UOL toward olefins (BD) took
place, thereby decreasing the UOL contribution. SOL formation by
reduction of the C=C bond of UOL was not favored on any of the
oxides; the slight decrease of the SOL curve is the consequence of
the lower concentration of surface hydrogen fragments on more
acidic oxides.

As a summary, 1,3-BDO can be transformed mainly by dehydra-
tion and tandem dehydrogenation-dehydration reaction pathways
on acid-base catalysts, giving unsaturated alcohols and an unsatu-
rated ketone, respectively. Hydroxycarbonyl compounds (HY) were
completely converted to other products regardless of the acid or
base character of the M, Oy oxide.

3.2. Role of the metallic site in 1,3-BDO conversion

To investigate the effect of a metallic site on the gas-phase trans-
formation of 1,3-BDO, two silica-supported copper catalysts (CuSi)
with similar Cu loadings were prepared by different techniques.
Silica was selected as a support because it does not present any
measurable acidic or basic properties and therefore, the resulting
materials can be considered as monofunctional metallic catalysts.

The physicochemical properties of the samples prepared by
ion exchange (CuSi-IE) and impregnation (CuSi-I) are presented in
Table 1. Analysis by XRD of unreduced catalysts, Fig. 4, showed a
well defined CuO structure (tenorite) in CuSi-I, suggesting that in
this sample CuO is present as large crystals. Contrarily, no crys-
talline CuO species could be detected in CuSi-IE, clearly indicating
that the ion exchange technique gives rise to well dispersed CuO
species. In agreement with these observations, whereas the Cu®
dispersion was 27.5% in CuSi-IE, a 4.3% was measured in CuSi-I.

The results of the catalytic testing of CuSi samples are shown in
Fig. 5, where CuO was included as reference. The metal dispersionin
unsupported pure CuO was below the detection limit. Previously, a
blank test using pure SiO, confirmed that the support was inactive
for performing the 1,3-BDO transformations shown in Scheme 1. No
acid or base site number could be measured on SiO,. Furthermore,
TPD of CO, carried out on CuSi samples indicated that these mate-
rials do not contain measurable amounts of base sites. Thus, CuSi-IE
and CuSi-I catalysts present only a metallic function, the role of sil-
ica being to disperse Cu and to generate smaller Cu® particles than
those of unsupported CuO.

A comparison between Figs. 1 and 5 indicates that CuSi catalysts
were more active than the acid-base M, Oy oxides to convert 1,3-
BDO, given that rgpg increased between 20- and 200-fold. As can
be seen in Fig. 5, the order of catalytic activity (rgpo) followed the
order of the Cu® dispersion, i.e., CuSi-IE > CuSi-I> CuO. TOR values
calculated for CuSi-IE (1.15s1) and CuSi-I (1.18s~1) were quite
similar, confirming that Cu® species are responsible for the catalytic
activity of these samples.

Silica-supported copper catalysts and pure CuO convert 1,3-
BDO to dehydrogenation products with more than 86% selectivity
regardless of the metal dispersion. However, the distribution of
dehydrogenation products (r;/r_p,; i=K, HY and RA) changed
depending on the metal dispersion. For instance, the HY group
(black bars in Fig. 5) predominated on the large Cu® particles of
pure CuO and gradually decreased from 0.64 to 0.47 and 0.37
on the smaller particles of CuSi-I and CuSi-IE. Only HYK was
detected, thereby confirming the preferential dehydrogenation of
the secondary OH function of 1,3-BDO. In contrast, as we explained
above, no measurable amounts of HY compounds were detected on
acid-base catalysts, Fig. 3A.

In a previous work we investigated the effect of copper loading
on the dispersion and catalytic performance of silica-supported
Cu catalysts [22]. We discussed there that HY compounds are
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Fig. 4. XRD patterns of CuSi and CuM catalysts prepared by different techniques.
Al,03, MgO, SiO, and CuO included as reference.

unstable under gas-phase reactions conditions. They tend to react
by dehydration or C—C bond cleavage reactions on highly dispersed
CuY particles due to a strong HY-copper site interaction. Therefore,
on pure CuO, a weaker HY adsorption on large Cu® crystals would
allow the release of HY to the gas phase before being converted in
consecutive reactions, yielding HY in high selectivity. Contrarily,
the strong HY adsorption on small metal particles allowed con-
secutive dehydration-hydrogenation reactions to take place. Thus,
compounds of group K (white bars in Fig. 5), and particularly the
saturated ketone C4SK, were the main dehydrogenation products
on the highly dispersed Cu® particles of sample CuSi-IE.

On the other hand, Fig. 5 also shows that RA compounds repre-
sent less than 20% of the dehydrogenation products and that their
formation from HY seems not to be affected by the metal dispersion.

In conclusion, CuSi catalysts dehydrogenated 1,3-BDO at high
rates. Activity and dehydrogenation product distribution depended
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on the dispersion of the Cu® particles. Ketones (HYK and C4SK)
resulting from the initial dehydrogenation of the secondary OH
group of 1,3-BDO were the main products, with the hydroxyketone
(HYK) being converted to the saturated ketone C4SK on catalysts
with a higher Cu® dispersion.

3.3. 1,3-BDO conversion on bifunctional CuM catalysts

CuM catalysts with M being Mg or Al were prepared to represent
typically, bifunctional metal-base or metal-acid catalysts, respec-
tively. Catalysts with similar copper loadings, prepared by incipient
wetness impregnation of MgO or Al,03 and by co-precipitation,
were denoted as CuM-I and CuM-C, respectively. The physicochem-
ical properties of these materials are shown in Table 1. The CuM-I
samples presented lower surface area than the supports, proba-
bly due to a partial pore blockage by copper species during the
impregnation procedure. The XRD patterns collected for unreduced
CuM samples showed broad lines for CuAl samples (Fig. 4) corre-
sponding to quasi-amorphous alumina. On the other hand, CuMg
samples showed only the diffraction signal of MgO. Since no crys-
talline copper phase was detected, copper species in CuM catalysts
were either highly dispersed on the surface forming amorphous
domains not detectable by XRD or remained closely associated with
the oxide structure after calcination. To investigate the copper-
support degree of interaction and to elucidate whether copper
causes a surface or a structural promotion in CuM oxides, additional
TPR and metal dispersion measurement experiments were carried
out.

The TPR studies showed that CuAl-I and CuAl-C catalysts com-
pletely reduced giving a single reduction peak at ~490-520K,
indicating that copper is spread on the surface forming CuO species.
In agreement with that, moderately high metal dispersions were
measured on these samples, Table 1.

Contrarily, the TPR profiles of CuMg catalysts showed broad
and asymmetric reduction peaks. In addition, just 33-40% of the
total copper ions reduced in these samples, suggesting a strong
Cu-Mg interaction that decreased the sample reducibility and
cannot be assigned to a surface species because these samples
were not fully reduced even at 1100K. Thus, part of the Cu?* ions
seems to be in intimate contact with the MgO matrix giving rise
to a non-reducible mixed oxide. In line with these findings, broad
diffraction lines (Fig. 4) and a loss of crystallinity respect to pure
MgO were observed for these samples (79% for CuMg-C and 88%
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Fig. 6. 1,3-BDO conversion rate (rgpo) and dehydrogenation product distribution
(ri/T_n,; 1=K, RA and HY) on bift_mctional CuM (M =Mg or Al) catalysts prepared by
different techniques [T=523K; Pgpo = 2.33 kPal.

for CuMg-I). These effects are likely caused by substitution of Cu2*
for Mg2* ions within the periclase structure. Calculations of the
lattice constant (a) for MgO (a=4.214A), CuMg-I (a=4.222 A) and
CuMg-C (a=4.246 A) showing the expansion of the MgO lattice in
CuMg oxides, confirmed this assumption since the ionic radius of
octahedrally coordinated Cu?* (rc,2* =0.73 A) is slightly larger than
that of Mg2* in MgO (rmg>* =0.72 A) [23]. As a result, the Cu® disper-
sions were much lower than in the CuAl catalysts (2.0% in CuMg-C
and 10.9% in CuMg-I). Similar low reduction degree has been
observed also for Cu/MgO catalysts prepared by other techniques,
but authors attributed this effect to a high Cu dispersion [24].

The catalytic performance of the CuM catalysts is presented in
Fig. 6. The rgpo values measured on bifunctional CuM catalysts were
~10-50 times higher than on MgO and Al,03 oxides (Fig. 1) and
rather similar to the values on CuSi catalysts (Fig. 5). The improved
activity of the CuM catalysts is the consequence of the ability of the
CuY atoms to promote the O—H bond cleavage in 1,3-BDO, leading
to a remarkable shift of the reaction pathway toward dehydrogena-
tion reactions, regardless of the acid or base nature of the support.
Thus, Cuin CuMg enhanced the dehydrogenating properties of MgO
increasing r_p, [repo from 0.60 to ~0.85. Also, Cu in CuAl worsened
the dehydrating performance of alumina, from a r_y,o/rspo value
of 0.59 to ~0.15.

Since the presence of Cu® surface species accounts for the
enhanced activity of CuM catalysts compared to single oxides, cat-
alysts prepared by impregnation (CuMg-I and CuAl-I) were more
active than their homologous prepared by co-precipitation (CuMg-
C and CuAl-C), Fig. 6, because of a better copper reducibility and
dispersion, Table 1. The similar TOR values measured for all the
CuM samples, Table 1, confirm the participation of Cu® species in
kinetically relevant reaction steps.

On CuAl-I and CuAl-C, compounds of group K were the main
dehydrogenation products (Fig. 6), the majority being the saturated
ketone (C4SK). The slight differences between CuAl-I and CuAl-
C regarding the dehydrogenation product distribution reflect the
somewhat lower metal dispersion of the co-precipitated sample,
in which the more exposed alumina sites interact more strongly
with HY compounds forming K products. This clearly shows the
role of the acid sites provided by alumina in dehydrating the HY
compounds formed by initial 1,3-BDO dehydrogenation on CuAl
catalysts.

The differences between CuMg-I and CuMg-C are noteworthy
in terms of activity (rgpg) since in the latter, copper ions are more
occluded in the MgO matrix. In these catalysts with poorly or mod-
erately dispersed Cu? species, the effect of the basic properties of
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MgO is evident in the dehydrogenation product distribution. Both
CuMg samples decomposed the HY compounds yielding products
of group RA in high selectivity (rga/r_n, = 0.58 — 0.68). The strong
adsorption of HY compounds on the MgO surface sites caused the
C—C bond cleavage in the 1,3-BDO molecule, giving short chain
oxygenates similarly to what was discussed above for pure MgO.

The studies carried out with bifunctional CuM catalysts lead
us to conclude that Cu® surface sites initially dehydrogenated 1,3-
BDO at high rates. The final dehydrogenation product distribution
depended on the copper dispersion and on the acid or base nature
of the accompanying cation M. On the other hand, UOL could not
be obtained with CuM catalysts because the initial 1,3-BDO dehy-
dration pathway is inhibited.

4. Conclusions

Biomass-derived 1,3-diols such as 1,3-butanediol can be
converted into valuable oxygenates by dehydration or dehydro-
genation reactions. Activity and product distribution are strongly
dependent on the catalyst properties.

Single oxides with acid or base properties give unsaturated alco-
hols by dehydration at the primary and secondary OH groups. They
also completely transform the initial 1,3-butanediol dehydrogena-
tion product, a hydroxyketone (4-hydroxy-2-butanone), into an
unsaturated ketone (3-buten-2-one) after consecutive dehydra-
tion, regardless of the acid or base character of the oxide. Surface
base sites, on the other hand, favor the C—C bond cleavage lead-
ing the aldehydes, alcohols and ketones with lower carbon atom
number.

Bifunctional copper-acid or copper-base catalysts convert 1,3-
butanediol at much higher rates compared to single oxides. The
enhanced activity is assigned to the ability of Cu® atoms to promote
the O—H bond cleavage, shifting the reaction pathway toward dehy-
drogenation reactions. Thus, catalysts prepared by impregnation
are more active than the co-precipitated counterparts because of a
better Cu® particle dispersion. The dehydrogenation product distri-
bution depends on both, the copper dispersion and the acid-base
properties of the support. Thus, copper-Al,03 gives mainly the
hydroxyketone and the saturated ketone (2-butanone), but in addi-
tion to those products, copper-MgO forms products of lower carbon
atom number. Studies on monofunctional Cu-SiO, catalysts indi-
cate that the CuP dispersion plays a major role in determining the
final dehydrogenation product: the hydroxyketone is inevitably
converted to the saturated ketone on highly dispersed Cu® species
because of a stronger hydroxyketone-surface site interaction.
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